We demonstrate that complex supercontinuum and few-cycle ultrashort laser pulses can be fully characterized by using a cross-correlation frequency-resolved optical gating with molecular alignment induced birefringence functioned as a gate. The temporal envelope and phase of the broadband supercontinuum pulse are retrieved by the principal component generalized projection algorithm. This technique shows advantages without phase-matching constraint that may limit the measurable spectral bandwidth, experimental robustness in operating through the whole transparent spectral region of the molecular gases, and intensity sensitivity to measure weak pulses which is inherited from the intrinsic linear process in recording the molecular birefringence induced polarization spectroscopy. Experimental measurements of a few-cycle pulse in the visible region of 525-725 nm confirm that the molecular alignment gating supports a full field characterization of the ultrashort pulse around 10 fs in duration. 
Introduction
The study of super-continuum (SC) generation by femtosecond laser pulses has attracted much attention for extensive applications in the fields including few-cycle pulse compression [1] , remote sensing [2] , and time-resolved spectroscopy and coherent tomography [3] . Broadband SC pulse generation normally involves a lot of nonlinear processes such as self-phase modulation, four-wave mixing, stimulated Raman scattering, self-steepening, and material intrinsic dispersions, which inevitably bring about complex phase and temporal structures. So far, it is still a challenge to fully characterize an ultra-broadband SC pulse of weak field intensity, mainly due to the broadband phase matching constraint. By using sum-frequency generation based cross-correlation frequency resolved optical gating (XFROG), SC pulse measurement was demonstrated [4] where the broadband phase-matching between the SC and pump pulses was achieved by angle-dithering a thin nonlinear crystal.
In this paper, we demonstrate that complex SC pulses can be fully characterized by using molecular alignment based cross-correlation polarization-gating frequency resolved optical gating (M-XFROG) [5] , where the impulsive molecular alignment induced molecular birefringence is used as the gate function. In principle, the M-XFROG exhibits exceptional features as follows. (i) As long as there is a nonlinear frequency mixing process, the phase matching condition must be considered. However, M-XFROG requires no phase-matching and thus the whole SC spectrum can be measured as long as it lies in the transparent spectral range of the molecular gas. So the limitation of the measurable spectral bandwidth due to phase matching is not a main obstacle. (ii) Although the molecular alignment itself is a nonlinear process whose degree is proportional to the pump pulse intensity, the transient birefringence induced polarization variation of the target pulse is actually linear. By recording such linear polarization variation, M-XFROG can be potentially used to measure weak field intensity with optimized experimental condition. (iii) Crystals introduce relatively large distortion even though the dispersion is not a big issue when an ultrathin crystal is used. For example, the group velocity dispersion (GVD) induced by a 150 μm thick SHG BBO (type I) at 800 nm is calculated to be ~11.2 fs 2 , which is equivalent to a ~2.8 m long CO 2 gas we used in the experiment. So the low dispersion of the gaseous molecules induces quite small distortion to the target pulse that enables us to retrieve the original information of it. (iv) The gate induced by molecular alignment is insensitive to the slight fluctuation of the excitation pulse, since it is based on the quantum beating among the pre-populated rotational wavepackets. Moreover, the gate function, originated from the transient birefringence, is a "real" quantity as it does not contains any phase information. (v) The experimental implementation of M-XFROG is quite convenient in molecular gas (e.g. air), and the recorded wavelengths are indeed those of the target pulse. M-XFROG hence can work as a convenient and robust tool for full characterization of the complex broadband SC pulse.
Linear molecules can be aligned along the field polarization by impulsive rotational Raman excitation with ultrashort laser pulses, and the molecular alignment experiences periodic revivals after the extinction of the pump pulse [6] . The pre-aligned molecules show orientation-dependent refractive index changes as δn=0.5(ρ 0 Δα/n 0 )(<<cos 2 θ>> 1/3), where ρ 0 is the initial molecule density, Δα=α // -α  is the polarizability difference between the components parallel and perpendicular to the molecular axis, n 0 is the linear refractive index of the randomly orientated molecules. The molecular alignment degree is characterized by the metric <<cos 2 θ>>, which is greater, less, and equal to 1/3 for parallel, perpendicular, and random molecular alignments, respectively. Here, θ is the angle between the field polarization of the pump pulse and molecular axis. The polarization modulation based M-XFROG is similar to the cross-correlation polarization-gating FROG in bulk media, which was recently used for full characterization of the multicolored femtosecond pulses [7] . For the M-XFROG presented here, laser pulses propagating through the pre-aligned molecules experience a respectively increased and decreased refractive index for the field components parallel and perpendicular to the molecular alignment, leading to different phase velocities between the orthogonally polarized field components. The polarization mode of the laser pulse is hence changed by this molecular alignment induced birefringence, which essentially works as a transient wave-plate. For a linearly polarized laser pulse, such polarization modulation can be analyzed after an orthogonally aligned polarizer, which composes the polarization spectroscopy technique and has been used for molecular alignment measurements [8, 9] . Here, we use this molecular alignment induced transient birefringence as the gate function for FROG measurement to characterize the complex SC pulses. The width of the molecular alignment induced gate is determined by the bandwidth of the excitation pulse, molecular gas temperature and species. Actually, impulsive molecular alignment has been extensively used for molecular orbital reconstruction [10] , high harmonic generation [11, 12] , dynamic control of intense laser propagations [13] [14] [15] [16] , and very recently for ultrafast optical imaging [17] .
Experimental setup
To demonstrate the capability of M-XFROG for SC pulse measurement, we performed experiments as schematically illustrated in Fig. 1(a) . The output from an amplified Ti:sapphire laser system (~35 fs, 800 nm, 1 kHz) was split into two pulses: one as the aligning pulse for molecular alignment (M-pulse) and the other was used for SC pulse generation. After an iris, the probe pulse was focused into a gas cell filled with atomic Xe at a pressure of 2 atm [18] by a convex lens of f=20 cm, which generated stable broadband SC pulse with an optimal iris aperture size. The M-pulse was down-collimated before it was sent to cross with the SC pulse in the second gas cell filled with molecular CO 2 , so that a large interaction region could be resulted. The polarization of the M-pulse was rotated to be 45° by a half-wave plate (HWP2) with respect to the SC pulse, whose pulse energy could be tuned by adjusting the half-wave plate (HWP1) before the thin film polarizer. The polarization modulated spectrum of the SC pulse was measured by a spectrometer (HR4000, Ocean Optics) with a spectral resolution of 0.27 nm after a Glan prism (GP) (extinction ratio ~1:10 6 ) whose transmission direction was orthogonal to the polarization of the incident SC pulse. Therefore, only the field components whose polarizations were rotated by the molecular alignment induced transient birefringence were recorded by the spectrometer after the polarizer. The transmitted spectra of the SC pulse were measured as its time delay with respect to the M-pulse, which formed the XFROG trace. In order to increase the signal-to-noises ratio, each spectrum at a certain time delay was averaged for ten times to produce an M-XFROG trace. Moreover, a mean background subtraction was applied in the retrieval algorithm allowed us to further reduce the background. The measured XFROG trace had dimensions of 3648×512, which was interpolated and expanded to 1024×1024 for temporal envelope and phase retrieval. In these demonstrations, the pulse energies of the M-pulse and the generated SC pulse were measured to be ~800 μJ and 70 μJ, respectively, which were crossed with an angle of ~4° in the CO 2 gas cell. half-wave plate at 800 nm; TFP: thin film polarizer; GC1: Xe gas cell; GC2: CO2 gas cell; GP: polarizer; SP: spectrometer; (b) Measured CO2 alignment signal versus the time delay. The red-dashed curve is the retrieved gate with a FHWM of ~360 fs, which shows a well accordance to the measured one.
Results and discussions

The complex envelope and the phase information of the SC pulse E(t)=I(t)
1/2 exp[-iφ(t)] can be uniquely retrieved from the measured spectrogram, which is numerically given by [19, 20] 
Here, G(t-τ) is the transient molecular alignment induced gate function. The conventional XFROG pulse retrieval algorithms, based on the iterative Fourier transformation and the principle component generalized projections algorithm, were used for the SC pulse retrieval [21] . Figure 1(b) shows the measured molecular alignment signal of molecular CO 2 by using ultrashort 35-fs laser pulses. The CO 2 molecules were impulsively aligned shortly after the excitation pulse, and then field-free revived due to the quantum beatings of the excited molecular rotational wave-packets. In principle, any of the molecular alignment revivals can be used as the gate function. Here we used the molecular alignment of CO 2 shortly after the zero time delay (~180 fs after the excitation laser pulse) as the gate function for its clear and simple single-peak structure, whose gate width was measured to be 360 fs as shown in the Fig. 1(b) . The contribution of the instantaneous Kerr effect during the pulse duration to the gate function was small as compared with the molecular alignment effect [22, 23] . This was confirmed in our experiments and will be discussed elsewhere in detail. Since our measurements were performed for a noncollinear scheme, the time smearing effect should also be included. In our experiments for a crossing angle of θ=4°, the time smearing δt was estimated to be ~0.6 fs. Moreover, Similar to the frequency response of the nonlinear frequency mixing process for the FROG as discussed in Ref [24, 25] , a reliable measurement requires extremely careful concerning about the wavelength response of the whole involved optical components owning to the broadband frequencies of the SC pulse. The wavelength response, acquired by compare the directly measured spectrum of the SC pulse (blue-squared curve) and the time marginal of the M-XFROG trace (red-circular curve), is shown in Fig. 2(a) . Such wavelength calibration was implemented to the measured FROG in the retrieval process to get the real time and frequency resolved spectrogram. The modulation efficiency is defined as the ratio of the polarization rotated pulse energy to that of the whole incident pulse. Such modulation depth is correlated to the molecular alignment induced birefringence, which is determined by the molecular gas, the excitation pulse energy and temperature. Figure 2(b) shows the polarization modulated pulse power variation as a function of incident pulse power under different excitation pulse intensities for room-temperature air, whose slopes account for the modulation efficiency. A nearly linear response to the incident power is evidently illustrated, and the modulation efficiency is increased along with the increased excitation pulse intensity. The M-XFROG is operated by recording a linear process of polarization variation induced by molecular alignment and is potentially able to measure very weak pulses. However, there must be a limit of the lowest power that can be resolved in the practical experiment apparatus. Here, by considering the spectrometer sensitivity (~100 photons/count), the transmittance of the optical component (~50%), the extinction ratio of the polarizer (~10 6 ), and the modulation efficiency, the sensitivity is estimated to be several nJ. We experimentally confirmed a measurement of input pulse energy as low as ~300 nJ due to the limitation of the power-meter used in our measurements. High sensitivity is expected with optimized spectrometer, optical components and high-degree molecular alignment.
The calibrated spectrogram of the SC pulse over a time delay range of ~3 ps is plotted in Fig. 3(a) . The lower frequency components are advancing as compared with the higher ones, implying a positive chirp structure of the generated SC pulse. Figure 3(b) shows the retrieved spectrogram for an M-XFROG trace error of 0.01‰ after 400 iterations. The retrieved intensity and phase structures of the SC pulse are shown in Fig. 3(c) , with error bars obtained using the bootstrap method [26] , which has picosecond pulse duration and split into several sub-pulses. The quadratic phase clearly indicates the positive chirp structure of the SC pulse as implied by the XFROG trace. As shown in Fig. 3(d) , apart from some minor difference, the overall shape and peak positions of the measured (red-solid curve) and reconstructed spectra (black-dashed curve) agree well with each other, the SC spectrum before wavelength calibration (olivedashed dotted curve) is also depicted in Fig. 3(d) as a comparison. To confirm the correction of the molecular alignment induced gate function for the measured M-XFROG spectrogram and the reliability of the retrieval process discussed above, we used the twin retrieval of excitation electric fields frequency-resolved optical gating (TREEFROG) algorithm [27] to simultaneously reconstruct the gate and target pulses. In each generalized projection, both the target pulse E(t) and gate function G(t) are generated by using the singular value decomposition method from the cross-correlation signal E  sig (t,τ) [28] . As shown in Fig. 1(b) , the retrieved gate function by the TREEFROG algorithm agrees well with the measured molecular alignment signal, indicating the reliability of our M-XFROG for the complex SC pulse characterization. As compared with the TREEFROG, the M-XFROG with well-known gate function is more robust against the noise or fluctuation of the experimental measurements. The width of the molecular alignment induced gate function is determined by the number of the coherently coupled rotational wavepackets since it results from the quantum beating of them. In general, a narrow molecular alignment gate function is expected when a broadband excitation pulse and higher temperature molecular gases were used.
The M-XFROG can be not only used to characterize the complex long pulse, but also versatile for diagnosis of ultrashort laser pulses in various spectral regions. A stable single-core high-energy SC pulse of ~2.5 mJ was generated by focusing the input fs pulse into a 1.2 m long gas tube filled with 0.3 atm Xe and 0.7 atm air, which was then compressed by using two pairs of chirped mirrors. The measured and retrieved M-XFROG traces for the spectral range from 525 to 725 nm are shown in Figs. 4(a) and 4(b) , respectively. Figure 4(c) illustrates the retrieved temporal profile and phase of the SC pulse, with error bars obtained using the bootstrap method 
Summary
In summary, we have demonstrated that the M-XFROG could be used to fully characterize the complex SC pulse, which showed great advantages over the nonlinear frequency mixing based XFROG methods. Without the phase-matching constraint, the M-XFROG technique provides us a promising approach for SC pulse measurements, which can be readily extended for other laser pulse measurements where the low intensity or broadband spectral range that the nonlinear frequency mixing based XFROG technique is difficult to handle, such as weak pulses in the ultraviolet spectral region.
